In this work analysis of the structural and optical properties of TiO 2 thin films doped with terbium has been described. Samples were prepared by a high energy reactive magnetron sputtering process under low pressure of oxygen plasma. X-ray diffraction results have shown that different TiO 2 crystal forms have been produced, depending on the amount of Tb dopant. The undoped matrix had rutile structure with crystallites with a size of 8.7 nm, while incorporation of 0.4 at. % of Tb into the film during the sputtering process resulted in anatase structure with bigger crystallites (11.7 nm). Increasing the amount of terbium up to 2 at. % and 2.6 at. % gave rutile structure with crystallites with a size of 6.6 nm for both films. However, Raman spectroscopy has revealed that in the case of TiO 2 :(2 at. % Tb), except for the rutile form, the presence of fine-crystalline anatase was observed. Moreover, the lack of Raman peaks shift attests to the lack of stress in the titania lattice of all of the TiO 2 :Tb films. This fact indicates localization of Tb 3+ ions on the surface of TiO 2 nanocrystals. In the case of optical investigation, results have shown that doping with terbium has a significant influence on the properties of TiO 2 , but it does not decrease the high transparency of the matrix. The observed changes of the transmission characteristics were produced only due to modification of the TiO 2 :Tb structure. Photoluminescence measurements have shown that emission of light from TiO 2 :Tb films occurs when the amount of terbium is 2.6 at. %. Based on the obtained results a scheme of direct energy transfer from titanium dioxide matrix (with rutile structure) to Tb 3+ ions has been proposed.
Introduction
Materials doped with rare earth elements for many years have been attractive due to the possibility of their application in fields like e.g. photoelectrical devices, solid state lasers, flat panel displays, detectors of high energy radi-ation, optical data storage devices, or even medical diagnostic equipment [1] [2] [3] [4] [5] . For such applications lanthanides were incorporated into different types of materials, which had crystalline structure or were amorphous. Metalloorganic compounds or fluorine glass are good candidates as a matrix for the lanthanides [6] , but nowadays thin films based on transparent metal oxides are being in the center of interest [1] . The newest results of scientific investigations show that oxide films built from crystallites below 10 nm in size may exhibit new phenomena that usually cannot be observed in films with crystallites bigger than tens of nanometers. Considerations set out in the literature [7] indicate that the process of excitation of luminescent ions is more effective when ions are in a nanocrystalline matrix.
It is known that in the visible light range Tb 3+ ions exhibit a characteristic green luminescence, which is important in the case of light-emitting diodes (LEDs). The most often commercially applied matrices for terbium are Y 3 (Al, Ga) 5 O 12 and Gd 2 O 3 S [6] . From a time when transparent metal oxides evoked higher interest, due to their application area and optical properties, the effective photoluminescence (PL) of Tb 3+ ions in those materials has been accurately investigated [6] . PL of terbium is usually observed in ZrO 2 [8] or SiO 2 matrices [9, 10] , while in the case of titania this phenomenon has been rarely described. To date, there are only a few examples in the subject literature about the photoluminescence of terbium in a TiO 2 matrix [11] . However, emission of the light is weak [12, 13] and the reason for the direct excitation process of Tb 3+ ions in titania host was not precisely described. So far, a PL effect was obtained for thin films with an anatase structure [6, 11, 13, 14] or amorphous ones [10, 16] . In the case of TiO 2 films with a rutile structure, this phenomenon was presented only in our previous work [17] . According to Frindell et al. [1] , the frequent lack of terbium photoluminescence in TiO 2 is directly related to the location of the 5 D 3 4 energy levels of Tb 3+ ions above the level that corresponds to the matrix defect states. For this reason, it is hard to observe PL in TiO 2 :Tb, unlike films doped with such lanthanides as e.g. Er, Eu, Nd, or Sm. Their luminescent energy levels are localized below the defect levels of titania and indirect energy transfer can occur [1, 11] . At present, some scientific investigations aim to solve this problem. One of the possibilities to obtain strong PL of Tb 3+ is doping of TiO 2 films simultaneously with terbium and other lanthanides like e.g. gadolinium [11] or cerium [12] .
In this work, photoluminescence of Tb 3+ ions in a TiO 2 matrix will be described. The cause of this phenomenon will be explained on the basis of structural investigation. The results of X-ray diffraction and Raman spectroscopy will show the influence of the Tb dopant upon the structure of as-deposited films. In contrast to the examples presented in the literature [6, 11, 12, [14] [15] [16] , the PL effect will be observed only in nanocrystalline TiO 2 :(2.6 at. % Tb) film with rutile structure, while presence of the anatase form or the two-phase system (anatase-rutile) will not favour the occurrence of this phenomenon.
Experimental
Thin films were manufactured by a high energy reactive magnetron sputtering process. Deposition was carried out under low pressure (0.1 Pa) oxygen gas, with the use of pure Ti (99.999) and mosaic Ti-Tb targets. Details of the preparation method have already been described elsewhere [18] . The quantity of Tb dopant, introduced into the thin film during the deposition process, was determined by energy dispersive spectroscopy (EDS). The investigation was performed with the aid of a scanning electron microscope (SEM) that was equipped with an EDS attachment (Hitachi S-4700N, Noran Vantage). For analysis undoped TiO 2 and films doped with 0.4 at. %, 2 at. % and 2.6 at. % of terbium were selected. The influence of the Tb dopant on the properties of TiO 2 was also examined in the case of samples that have been manufactured in several technological processes. In all cases the results were the same, which attests to the high repeatability of applied sputtering technology.
Structural analysis of the manufactured films was performed with the aid of X-ray diffraction (XRD) method and Raman spectroscopy. For XRD measurements a Dron-2 powder diffractometer with Co Kα has been used, while Raman spectra were recorded by a Reinshaw in Via Raman Microscope with excitation at λ = 830 nm. Optical properties of the thin films were determined by the transmission method. For measurements (in the range from 200 to 900 nm) deuterium and halogen lamps, an integrating sphere, and an Ocean Optics spectrophotometer were used. Photoluminescence of TiO 2 :Tb thin films was investigated at room temperature, using a UV argon laser with an excitation wavelength of 302 nm. The PL signal was detected by an Ocean Optics HR4000 spectrometer.
Results and discussion
The results of X-ray diffraction revealed that all manufactured films were nanocrystalline (Fig. 1 , Tab. 1). Directly after deposition the undoped TiO 2 matrix had rutile structure. The average size of the crystallites (D) in this thin film was 8.7 nm. Incorporation of terbium dopant into the matrix during the deposition process resulted in the modification of its structure. In the case of TiO 2 :(0.4 at. % Tb) thin film directly after deposition, the anatase structure, made up of crystallites having an average mesh size of 11.7 nm, was obtained. Increasing the quantity of Tb dopant (up to 2 at. % and 2.6 at. %) in titania thin films caused production of the rutile type structure with crystallites in size of 6.6 nm. We suggest that the relationship between the low amount of terbium and crystallization of TiO 2 in the anatase form is a result of formation of Ti-O-Tb bonds.
The presence of such bonds in the titania structure results in blocking of the rutile crystallization, while increase of terbium amount allows for formation of its own oxides, which has an effect in crystallization of the rutile form. The structure of the manufactured thin films was also investigated with the aid of Raman spectroscopy. According to Ma et al. [21] , the TiO 2 -rutile form is characterized by the P42/mnm tetragonal space group. Its unit cell contains two TiO 2 units with Ti ions at (0, 0, 0) and (1/2, 1/2, 1/2), and O ions at ±( , , 0) and ±(1/ 2 + , 1/2 -, 1/2). For this reason, the rutile crystal form corresponds to five Raman active modes: B 
+ 3E
A ) [21] . The Raman results showed that for an undoped titania matrix the peaks which can be observed in the spectrum (144, 240, 445, 610, 825 cm −1 ) correspond to the anatase structure (Fig. 2a) . In addition, the presence of amorphous TiO 2 (339 cm −1 ) [22] was found, which was not observed in the XRD measurements. In the case of a TiO 2 :(0.4 at. % Tb) thin film in the Raman spectrum are exclusive peaks (141, 194, 396, 516 and 639 cm −1 ) characteristic of the anatase structure (Fig. 2b) . Increase of the Tb amount to 2 at. % resulted in a two-phase system (anatase-rutile) in the titania film (Fig. 2c) . Peaks at 141, 194, 396 516 and 639 cm −1 can be assigned to the anatase, while peaks located at 144, 240, 445, 610 and 825 cm −1 correspond to the rutile. Raman spectroscopy has also revealed the presence of a non-crystalline form of titanium dioxide in the TiO 2 :(2.0 at. % Tb) film. This is attested to by a broad peak located at 339 cm −1 [22] . Increasing the amount of terbium in thin film up to 2.6 at. % resulted in a rutile-type structure and an amorphous TiO 2 structure, as in the case of the undoped matrix (Fig. 2d) .
In the case of the TiO 2 :(2.0 at. % Tb) thin film, the failure of the anatase phase to appear in the XRD diffraction pattern was probably due to the very small size of the crystallites of this form of titania. We suggest that the anatase form had crystallite sizes smaller than 3 ÷ 4 nm, because the XRD peak was very wide and had low intensity. Moreover, the major peaks for the anatase and rutile structures occur around 29.5 and 32 degrees, respectively. For this reason, for nanocrystalline films with broad XRD peaks a superposition effect is highly probable. Presence of the anatase phase in the TiO 2 :(2.0 at. % Tb) film was also confirmed by the higher value of interplanar distance. The relative difference (∆d) between the measured d and the standard value of d PDF is more than ten times higher in comparison to other as-deposited films. Such a high difference confirms the presence of a fine-crystalline anatase form and excludes influence of Tb dopant on the tension stress in the TiO 2 lattice. Lack of a shift between the positions of Raman modes for the doped films in comparison to an undoped one also attests to a deficiency in the stress, which could be observed after replacement of Ti 4+ by Tb 3+ ions in the matrix. Those results indicate that dopant Tb was located rather on the surface of the titania nanocrystals. Significant influence of RE-amount on the titania structure was also discovered by the Authors in the case of films doped with europium [23] or neodymium [24] . Those quite unique results are a result of application of a high energy sputtering method that was patented by Authors [25, 26] .
Optical transmission measurements have shown that films doped with terbium had as high transparency as an undoped one (about 80%) (Fig. 3) . The observed shift of the absorption edge into the shorter wavelengths for TiO 2 :(0.4 at. % Tb) as compared to undoped TiO 2 (from 347 nm to 342 nm) is directly connected with the difference between the optical properties of the anatase and rutile forms, respectively. In the case of TiO 2 :Tb thin films with rutile structure increase of the Tb dopant amount caused a shift of athe bsorption edge into the longer wavelengths (to 354 nm for film with 2.6 at. % of Tb). Based on the transmission measurements the optical band gap (E ) for all of the manufactured films was determined. In Fig. 4 the Tauc dependence for allowed indirect transitions (αhυ) 1/2 vs. energy for TiO 2 and TiO 2 :Tb thin films is shown. The highest value of E (3.18 eV) was obtained for the TiO 2 :(0.4 at. % of Tb) thin film with anatase structure. In the case of thin films with rutile structure increasing the Tb-amount results in lower E value equal to 2.96 eV.
Optical investigation has revealed that in the case of TiO 2 thin film doped with 2.6 at. % of terbium the photoluminescence effect was observed (Fig. 5) . Other manufactured films did not exhibit this phenomenon. Observed PL of Tb 3+ ions in a TiO 2 matrix that has rutile structure is a unique effect. Presence of the PL effect was reported by us earlier [17] , but the description was devoid of detailed explanation of its basic causes. Accord- ing to Sheng et al. [11] , only our TiO 2 :(2.6 at. % Tb) thin film exhibits the photoluminescence of Tb 3+ ions in TiO 2 -rutile matrix. The principal cause of the rare occurrence of this phenomenon is the fact that terbium ions in titania can be excited only by direct energy transfer from the conduction band (EC) of the matrix (without participation of defect levels) [1, 11, 12] . In TiO 2 , defect levels are localized below the lower edge of EC, in the energy range from 2.35 eV to 2.59 eV [1] , and for this reason the transfer of photo-induced electrons by defects excludes PL. In Fig. 6 a proposed (Fig. 6b) . However, this is not the dominant process, because emission lines in the spectrum have low intensity (Fig. 5) . The most intense emission of light occurs as a result of radiative transitions from the 5 D 4 level. Electrons are transferred (with emission of phonon-lattice vibrations) to this level from the 5 D 3 level (Fig. 6c) . In the case of manufactured TiO 2 :Tb thin film, the dominant PL comes from radiative transitions between the 5 D 4 and 7 F 6 5 2 levels, which correspond to emission of light at 491, 545 and 619 nm (Fig. 6d) . In addition, the energy absorbed by the matrix is also emitted by itself (Fig. 6a) . However, this emission has very low intensity and it occurs in a range that is weakly visible for a human eye (370 nm). In the case of the analyzed nanocrystalline film, the cross-relaxation process between neighboring Tb 3+ ions has a significant influence on photoluminescence phenomena. That attests to the much higher emission intensity connected with transitions from the 5 D 4 level as compared to the 5 D 3 , and in consequence the dominant green emission characteristic of Tb 3+ ions was observed. According to De Graaf et al. [27] , the cross-relaxation phenomenon generally occurs as a result of terbium ions located in close proximity to each other. This may also be the effect of Tb ions grouping into larger clusters. So, we suggest that terbium clusters are localized on the surface of the rutile nanocrystals. 
Conclusions
In this work the influence of doping with terbium on the structural and optical properties of TiO 2 thin films was described. Structural investigation has revealed that in- corporation of equivalent amount of terbium, during deposition in high energy sputtering process, has a meaningful influence on the structure of a nanocrystalline TiO 2 matrix. Doping with 0.4 at. % of terbium allows production of TiO 2 -anatase, while and undoped matrix has a rutile structure directly after deposition. However, increasing the amount of terbium in a thin film to 2 at. % results in formation of a rutile structure. Unfortunately, as demonstrated by Raman studies, the amount of dopant was not sufficient for complete crystallization of a thin film of rutile structure, and a two phase system (anatase-rutile) was obtained. Increasing the Tb amount up to 2.6 at. % allowed the formation of a nanocrystalline rutile structure with crystallites of 6.6 nm in size. Moreover, the manufactured TiO 2 :(2.6 at. % Tb) thin film also exhibits a photoluminescence effect. Occurrence of such a unique phenomenon, especially in the rutile structure, was a consequence of lthe ocation of Tb 3+ ions on the surface of TiO 2 nanocrystals. Thanks to that, in a homogenous, nanocrystalline structure of TiO 2 :Tb film, direct energy transfer from TiO 2 -matrix to Tb 3+ ions occurs and 'green' PL can be observed.
